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ABSTRACT 


Using data from the Imp A and Imp B satellites, it is shown that 
at the onset of an intensification of the magnetic perturbation field 
during the expansive phase of a polar magnetic substorm, there may be 
a pronounced effect in the magnetotail at the satellite location. 
This effect typically involves a reduction of tail field magnitude and 
a rotation of its direction about an axis lying approximately parallel 
to the solar magnetospheric Y direction. The distribution of these 
effects in the solar magnetospheric X direction is displayed and 
considerable discussion is presented on the interpretation of these 
data in the context of field line reconnection occurring in the magneto- 
tail. Also, however, it is shown that the satellite may observe either 
no perceptible change in the tail field, or a magnetic field configur- 
ation which is becoming more tail-like. The latter implies an 
increasing level of magnetic energy stored in the tail and may be 
contrasted with the process of field line reconnection which reduces 
this energy level. It is suggested that the above results are consis- 
tent with a model involving reconnection in a localized volume within 
the tail and further, that such reconnection affords a mechanism for 
removing excess magnetic flux from the tail, thus creating the sub- 


storm. 
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Magnetotail field during geomagnetically quiet times 
as recorded by the Imp B satellite. iierco-o rd in— 
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system described in the text. Tail magnetic field 
values Bx, By, Bz are given in the solar ecliptic 
system. 


Substorm recorded at Fort Churchill during which the 

Imp A satellite observed no significant change in the 
tail field configuration. The arrow identifies the 

onset of the substorm obtained from the Pi2 onset at 

Great Whale River (Rostoker and Camidge, 1971). 


Complex series of substorm itensifications recorded 
at College during which three of the identified 
onsets were accompanied by an increasing tail field 
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(Rostoker and Camidge, 1971). 


Substorm - correlated tail field perturbation 
recorded by the Imp A satellite. The arrow 
identifies the substorm onset. 


Two substorm - correlated tail field perturbations 
recorded by the Imp B satellite. 


Three substorm - correlated tail field perturbations 
recorded by the Imp A satellite. Two of the sub- 
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Great Whale River at the positions of the arrows. 
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gram traces shown from the College and Byrd stations. 
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CHAPTER 1 


INTRODUCTION 


1.1 The Quiet or Average Magnetosphere 


Chapman and Ferraro (1931) were the first to suggest that the 
magnetic field surrounding the Earth is not always well approximated 
at distances of several earth radii by that of an isolated dipole. 

They proposed that the highly ionized conducting gas emitted by the 
sun during a solar flare would, on reaching the vicinity of the Earth, 
cause its magnetic field to be confined within a cavity. Within this 
cavity, the field on the sunward or day side of the earth would be 
compressed, resulting in a higher field intensity than that of the 
undistorted dipole, while on the night side, the cavity would extend 
further from the Earth. This field within the cavity was predicted 
as the resultant vector sum of the approximately dipole field of the 
Earth, and that caused by the currents flowing in the cavity boundary. 
However, it is emphasised that these authors proposed this model to 
describe the Earth's magnetic environment during solar flares, and 
assumed that at other times an interplanetary vacuum existed and the 
dipole field was undistorted. 

Biermann (1957) declared, on the basis of his studies of comet tails, 
that solar corpuscular radiation is always present, with a momentum flux 
great enough to ensure a minimum acceleration of the ions in the comet 
tails of twenty times that of solar gravity (the mean being about 100 and 
the maximum several thousand times solar gravity following flare condi- 


tions). Parker (1958) termed this radiation the "solar wind", and it 
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becomes apparent that its continual presence implies the associated 
continual existence of the cavity containing the geomagnetic field. 

This region, the magnetosphere, may be expected to vary in shape and 

size with solar wind conditions. In particular, its extent downstream 
from the Earth is inversely related to the degree of thermal motion of 
the solar wind particles. Johnson (1960) discussed this, and suggested 
that the magnetosphere would have a teardrop shape with a ratio of 
boundary distances for the day and night side of one to six, with a solar 
wind temperature of 10,000°K. Beard (1960), and Spreiter and Briggs 
(1962) have examined the shape of the upstream boundary of the magneto- 
sphere in more detail. By equating the magnetic pressure just inside 
the boundary to the inwardly directed pressure on it,resulting from the 
elastic collision of the solar wind particles with the geomagnetic field, 
they have shown this boundary to have an approximately hemispherical 
shape. 

The first experimental evidence of the form of the outer geomagnetic 
field came from the space probe Pioneer 1, launched in 1958 on an approxi- 
mately 1 p.m. trajectory (i.e., in a meridional plane in which the local 
time seed pm ays Sonnet et al. (1960) have shown, using data obtained in 
the intervals 3.7 - 7 Re and 12.3 - 14.8 Re, no measurable departure from 
the extrapolated dipole field values in the former region. In the latter 
region, wild fluctuations in the field were observed out to approximately 
14 Re, beyond which the field magnitude dropped quite abruptly from the 
15 - 35 y range (1 y = DO, gauss) to a relatively smooth value of about 
Levi Two years later, Pioneer 5 confirmed these results, showing that the 


field fluctuations were present beyond 10 Re,and further, that in the 
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region 7 - 13 Re, a measurably greater ambient field than that predicted 
by an inverse cube law was to be found. 

Following this, Heppner et al. (1963) observed that Explorer 10,on 
a 9 p.m. trajectory, experienced magnetic fields beyond 10 Re in a 
direction consistent with theories predicting the pulling of the geo- 
magnetic field in the antisolar direction. At about 22 Re, the field 
dropped from 30 to about 10 y, while fluctuations in direction simult- 
aneously appeared. Detailed knowledge of large parts of the magneto- 
spheric boundary and the field morphology both inside and outside were 
obtained by the earth-orbiting satellites, Explorers 12 and 14. {Me mits) 
was possible because their active lives spanned many months, during which 
time their eccentric orbits precessed through large angles in a co- 
ordinate system fixed with respect to the magnetosphere. However, the 
results of these will not be discussed here as the Imp A satellite, 
launched in late 1963,confirms and extends the observations of these 
two vehicles, and furthermore provides most of the currently accepted 
knowledge of the quiet or average magnetosphere. 

This satellite exhibited an orbit with apogee of 31.4 Re, perigee 
192 km and an initial 9 a.m. direction of its major axis. For details 
of the results of this experiment the reader is referred to Ness et al. 
(1964), Ness (1965), and Figure 1 of this manuscript for a pictorial 
summary of the information that it, together with previous experiments, 
yielded. In its active life, the satellite major axis precessed to a 
10 p.m. direction, measuring three vector components of the magnetic 
field with an accuracy of +% y. First, the clarification it provided 


of previous experiments will be discussed. 
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Consider the existence of a bow shock wave upstream from the magneto- 
sphere. Examination of the velocities of the possible types of hydro- 
magnetic and acoustic waves in the interplanetary plasma yields magni- 
tudes less than the solar wind velocity. On this basis the shock was 
predicted by Axford (1962) and Kellogg (1962), and was subsequently 
observed by satellites at distances between 13.4 Re at the sub-solar 
point and about 20 Re on the Earth's magnetic axis. It is defined 
magnetically by fields typically of 4 - 7 y magnitude with variances of 
less than 0.4 y for extended times on the upstream side, and field magni- 
tudes two or three times greater with wild fluctuations in magnitude and 
direction on the downstream side. This region of turbulence behind the 
shock in which the solar wind is thermalized is called the magnetosheath, 
and its general form is shown in Figure l. The boundary between the 
magnetosheath and magnetosphere is called the magnetopause. Magnet- 
ically, this boundary is very clearly defined with the field magnitude 
increasing from 5 - 20 y in the sheath to 30 - 60 y in the magnetosphere, 
and the variance correspondingly decreasing by a factor of about Four. 

The clear delineation of the three regions, the magnetosphere, the 
magnetosheath and the interplanetary field by Imp A resolved many pro- 
blems in the interpretation of earlier data. However, perhaps a greater 
contribution was made through the detailed knowledge gained of the 
magnetic field in the night side magnetosphere beyond 10 Re, as shown 
in Figure l. In this region the magnetic field is well approximated by 
two slabs within which the field is parallel and anti-parallel to the 
anti-solar direction to the south and north respectively of a narrow 


transition region. This region, about 600 km thick, is called the 
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neutral sheet because of the low field values found there. In order to 
support these slabs of field, termed the magnetotail, plasma must be 
present in and around the neutral sheet, essentially because the large 
value of curl B requires a crosstail current. This was predicted by 
Axford .eticalt e(1-965). The search for a knowledge of particle distri- 
butions within the magnetosphere has paralleled that of the magnetic 
field. Only those leading to the discovery of the plasma sheet inal 

be discussed here. 

Freeman (1964) discussed particle data from Explorer 12, which exhi- 
bited a significant dayside-nightside asymmetry in the energetic electron 
(>50 kev) distribution with termination of this distribution some 2 Re 
closer on the night side. Perhaps more important for our purposes, was 
an intense flux of electrons in the 1 - 10 kev range found on the night 
side beyond the Van Allen radiation belts out to the satellite apogee at 
14 Re. Later Anderson (1965), using data from Imp A, observed sudden 
appearances in the tail of electrons with energies greater than 45 kev. 
Although he claimed the existence of a dependence of the frequency of 
these events on radial distance from the Earth and magnetic latitude, 
Murayama (1966), in a more detailed analysis,declared the former to be 
entirely spurious,and further, that a clear inverse dependence on the 
distance from the neutral sheet was present. Also, Anderson and Ness 
(1966) have shown that, of the reductions of magnetic field usually assoc- 
iated with the appearance of these electrons, only one per cent can be 
accounted for by their diamagnetic effect at the observed densities. This 
implies that if diamagnetism is the cause, then probably other particles 


of a different energy range are also present. 
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The existence of the plasma sheet within the range 16 - 18 Re from 
the Earth was first tangibly demonstrated by Bame et al. (1966) when they 
observed the electron component of this particle distribution. This 
was achieved on the Vela-2 satellites with simultaneous measurements of 
low enerey- electrons’ (0°35°>*) BE <* 20 kev) and energetic electrons 
(E > 45 kev). The latter, it was remarked, were the high energy tails 
of the distribution, and were subject to considerable changes in count rate 
through the rather common occurrence of impulsive energisation of the 
permanent electron population, as shown by the lower energy data. We 
know now, largely from the evidence accumulated from the Vela satellite 
program, that the plasma sheet contains electrons of average energies of 
1 - 7 kev with densities of 0.1 - 0.3 pereaceey cmos and protons of 
energies 1 - 10 kev. Also, the thickness varies from 4 - 6 Re in the 
noon-midnight meridional plane to approximately twice this in the wings 
of the magnetosphere. 

It should be noted that Figure 1 represents an incomplete picture 
of the magnetosphere. This occurs because the length of the tail is 
not experimentally resolved. Study of the tail at large distances is 
made difficult by the fact that the expected field magnitudes decrease 
to that of the interplanetary medium and further, it is speculated that 
the tail may break up into filaments containing bundles of field lines. 
However, clear tail field was observed intermittently by Pioneer 7 at 


distances of 1000 Re. 


1.2 The Interaction of the Interplanetary Medium with the Magnetosphere 


Predictably, while experimental information on the form of the mag- 
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netosphere and surrounding regions was being accumulated, various 
theoretical models were postulated. Dungey (1961) suggested that 

the magnetospheric field may have a dynamic interaction with the inter- 
planetary field. 

When two slabs of anti-parallel field are in close proximity, as 
in Figure 2 in the X direction, it has been suggested by Sweet (1958) 
and others that the Lites close to the transition region will merge, 
causing a "reconnection" of these lines, creating different lines which 
will move out of the reconnection region. The new lines will, near 
this region, have a large component in the Z direction. The direction 
of flow of these lines in and out of the reconnection region is shown in 
Figure 2 by the heavy arrows. The point in the centre of the pattern 
is sometimes referred to as an X-type neutral point. 

While usually the interplanetary field lies approximately parallel 
to the ecliptic plane, it may have a component perpendicular to this 
plane. Dungey postulated that during periods when a southward component 
was present,field line merging with the oppositely directed geomagnetic 
field on the sunward side of the magnetosphere may occur. As shown in 
Figure 3, the newly formed field lines then sweep over the poles until 
they reach a configuration where they lie approximately parallel and 
anti-parallel to the anti-solar direction forming the magnetotail. 
According to the model, merging again takes place, this time in the 
tail, and the field lines which were temporarily connected to the 
interplanetary field become again solely connected to the Earth. To 
complete the flow pattern, the field lines must contract and move round 


the Earth to the day side again, where they then expand to fill the 
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Lag 
space left by other lines merging with the interplanetary field, and 
possibly merge again themselves. The concepts involved in this model 
in a modified form are central to the work presented later in this 
thesis. It should be noted that the merging pattern in Figure 3 
does not show the extended tail reflecting the uncertain knowledge 
of the tail shape at this time. 

Piddington (1960) proposed that at the magnetopause boundary a 
frictional effect occurred, causing the solar wind to drag field lines 
from the sunward side to the night side where they would create an 
extended geomagnetic tail. He considered (Piddington, 1962) a flow 
pattern in which re outer geomagnetic field lines are caused to move 
around the Earth on the dusk and dawn side with the solar wind as 
a result of this frictional drag. These lines eventually enter 
the tail and contract towards the Earth whereupon they flow around the 
Earth at lower altitudes in the reverse of their previous direction. 
On reaching the sunward side, they may expand and repeat the process. 
This is essentially the model examined earlier in considerable detail 
by Axford and Hines (1961). They attempted to analyse the effect on 
the flow pattern of a rotating Earth and also the motion of energetic 
magnetospheric ionization. It should be noted that in contrast to 
Dungey's model the field lines remain closed at all times. 

Dessler (1964) has examined factors which determine the length of 
the- tails His analysis is based on the condition that the sum of the 
geomagnetic field pressure, the plasma pressure and the hydromagnetic 
wave radiation pressure within the tail balance the field and plasma 


pressure outside the magnetosphere. Hydromagnetic waves in the day- 
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12% 
side magnetosphere may be generated by sudden changes in solar wind 
pressure. These propagate into the tail,and it is argued that these 
alone provide enough pressure to maintain an open tail to distances of 
20 — "50° ACU. Though this has been subsequently criticised, his argu- 
ment for a minimum tail length of a 100 Re seems quite reasonable. 

With no internal pressure whatsoever, the solar wind can only close 
the tail at a maximum rate defined roughly by the magnetoacoustic vel- 
ocity, Vm, which he estimates to be about 70 km/sec with a solar wind 
temperature of 10° Ox s proton number density of Syone and a magnetic 
field strength of 5 y. If Vs is the solar wind velocity and b the 
largest transverse magnetospheric radius, and Vs and b are taken to be 
500 km/sec and 15 Re respectively, then the minimum tail length is of 
the order (Vs/Vm) b = 100 Re. 

Axford et al. (1965) discussed field line merging in detail, parti- 
cularly with regard to the formation of the long tail, the existence of 
which had then been indicated by the data of Explorers 12 and 14. Their 
model involved a tail with two anti-parallel field slabs in which 
merging takes place through a crosstail line in the neutral sheet 
several tens of earth radii from the Earth. They further pointed out 
the currents which must flow in the magnetopause and neutral sheet to 
satisfy the field conditions. This paper will be mentioned again in 
discussing the magnetic disturbances present in the magnetosphere. 

Dessler (1968) examined the crosstail current densities required to 
maintain the tail field observed and concluded that merging was most 
likely to occur within a distance of 30 Re from the Earth. This follows 


because the observed particle densities in the plasma sheet in this range 
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13. 
are at times inadequate to support the currents necessary to sustain 
the large tail field values found there compared with those at greater 
distances. For a more detailed analysis of this suggestion the reader 


is referred to Hill and Dessler (1971). 


1.3. Time Varying Aspects of the Magnetosphere 


If one observes the conditions in the Earth's upper atmosphere and 
above, particularly in the night-time regions, one finds evidence of 
significant temporal changes in the particle populations and magnetic 
field values. In order to study such variations, it is useful to 
search for era ences whose signatures have a statistically signifi- 
cant pattern. Magnetospheric substorms represent such disturbances 
and their frequency of occurrence is large enough to provide a stat- 
istically significant sample size over relatively short periods of time 
(e.g., several weeks). Typically they last for, 1 —.3 hours and may 
occur as isolated events,or in a succession lasting many hours resulting 
in a geomagnetic storm. A magnetospheric substorm is comprised of a 
polar magnetic substorm, a micropulsation substorm and others describing 
the particle deposition in the atmosphere, the visual aurora, X-rays 
produced, etc. 

The polar magnetic substorm describes the variation of the three 
components of the magnetic field on the Earth's surface during a magnet- 
ospheric substorm, and is caused by current systems in and above the 
ionosphere. The micropulsation substorm describes high frequency 
periodic oscillations superimposed on the long period variations during 


the substorm, probably due to the existence of hydromagnetic waves in 
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i: 
the magnetosphere. These two are mentioned in particular because of 
their relevance to the work described later. Within the micropulsation 
substorm, those oscillations in the period range 40 - 150 sec which are 
"impulsive", i.e., of limited duration, are labelled Pi2, and are of 
special interest because they always accompany the polar magnetic sub- 
storm and are often seen over a large part of the night side hemisphere. 
Furthermore, unlike the polar magnetic substorm, they have a distinct 
and synchronous onset over the area in which they are seen which is 
coincident with the polar magnetic substorm onset close to the current 
system causing it. 

Currently, the temporal development of a magnetospheric substorm is 
thought to consist of three distinct phases. Although it has not at 
the present been exhaustively studied, there appears to be a period of 
gradual intensification of activity prior to the subsequent explosive 
increase in the level of activity. The former has been labeled the 
growth phase by McPherron (1970) and appears to be associated with the 
injection of energy into the night side magnetosphere. The ensuing 
explosion of activity represents the expansive phase and accompanies 
the northward motion of the previously undisturbed auroral arc struc— 
tures. Finally, the return of these arcs equatorward and the assoc- 
iated decrease in level of activity is called the decay phase. 

The term "level of activity'' used above describes the behaviour 
of the magnetospheric substorm in total and refers to the sum of the 
various types of activity within the substorm (i.e., polar magnetic, 
micropulsation, X-ray, etc.). The polar magnetic substorms in the 


growth phase display a gradual departure from the base line of some 
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or all of the magnetic field components over a period of anywhere from 
zero to two hours. The sign of this perturbation is governed by the 
locality of the observation with respect to the substorm current system. 
The expansive phase is represented by much larger and more rapid per- 


turbations, and the decay phase by a return of the components to their 


quiet time values. The Pi2 micropulsations occur in bursts during the 
expansive phase, the first burst being synchronous with its onset. it 
is this onset which is later referred to as the "substorm onset". For 


discussion of behavior of other types of substorms with respect to this 
onset, the reader is referred to Akasofu (1968). 

Recently, evidence has been gathered which suggests that a distinct 
and repeated substructure exists within the substorm. Rostoker (1968) 
observed that most substorms are accompanied by at least two distinct 
Pi2 bursts, separated by 10 - 30 minutes. For most of these it was 
found that the first was associated with a small spatially well local- 
ised magnetic disturbance,and the second with a major disturbance. These 
were termed the trigger bay and main bay respectively. It was assumed 
that in cases where the trigger bay could not be found, it had 
occurred but in a spatial region not observable from the available data. 
In cases where several disturbances occurred, it was thought that they 
represented a sequence of the above pairs of trigger and main bays, each 
pair with its associated substorm. 

However, Kisabeth and Rostoker (1971) have presented evidence indi- 
cating that the polar magnetic substorm,caused largely by an overhead 
westward flowing current, has the following time development. At the 


onset of the substorm the current at the southern border begins to grow. 
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It attains a value which it maintains fairly steadily during the sub- 
storm,while at the northern border a number of periodic intensifi- 
cations of the current at roughly 15 - 20 minute intervals occur, 
implying an injection of energy with the same periodicity. Also 
a series of more than two Pi2 bursts may be associated with one sub- 
storm. 

The early theories of substorm generation were not developed to 
describe the substorm phenomenon per se. However, the models of 
Dungey, Piddington, Axford and Hines, and Axford et al. mentioned 
earlier, discussed magnetospheric dynamics with partial reference to 
specific manifestations of upper atmospheric disturbances. These 
authors have based their theories on magnetospheric convection using 
various flow patterns. Here only the development of the field line 
reconnection model will be discussed further. 

Two conceptually distinct processes may be involved in this merging. 
First, field lines may reconnect while diffusing through a stationary 
plasma, as a result of the finite conductivity, resulting only in a 
heating of the plasma from the currents present. This was the model 
treated by Sweet. Alternatively, assuming infinite conductivity, the 
plasma will be constrained to flow with the reconnecting field, producing 
bulk motion of the plasma. The energy of this motion may be partly 
converted into thermal motion if the plasma is compressed downstream 
from the reconnection region. 

Petscheck (1964) has examined the mechanism of reconnection and 
concludes that away from the merging line, the plasma will be frozen 


into the field lines and will leave the merging region at velocities 
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up to a maximum given by the Alfvén velocity (depending on the extent 
to which the flow is controlled by conditions in distant regions). 

The flow rate into the merging region is likewise less than or equal 

to a maximum of one tenth of the Alfvén velocity. Only in the immed- 
iate vicinity of the merging region will significant diffusion of the 
field through the plasma OCCUD: This occurs because the finite con- 
ductivity produces significant deviations in the currents from those 
required to sustain the high values of curl B in this region consistent 
with pure frozen field conditions. 

Yeh and Axford (1970) have attempted a more detailed analysis of 
the fluid and magnetic field motion for the special case of steady 
incompressible inviscid hydromagnetic flow in two dimensions. They 
concluded that, in general, if circumstances controlling the overall 
flow at a distance from an X-type neutral point are favourable, merging 
may take place rapidly with frozen field conditions occurring every- 
where other than close to the neutral point. 

Axford et al. (1965) used the maximum merging rate derived by 
Petscheck to estimate the rate of energy flow Q in the magnetotail 
during reconnection. They assigned typical values to the tail width 
L, field strength B, particle number density p, and neutral sheet 
thickness w, of 2 x Lume CmiathO Fs ae and 1 Re respectively. With 
these they obtained a value for Q of 4 x 10 44 ergs using the formula 
Q= (3B7/8n) (B/ Vamp) aw ¢ Obviously such an estimate can be changed 
significantly by taking other, equally reasonable, values of the para- 
meters involved. However, Axford (1964) and O'Brien (1964) obtain 


values of nape and 4 x ang ergs/sec respectively as estimates of the 
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18. 
rate of dissipation of energy in the aurora. Thus, this estimate of 
energy flow rate shows that field line merging could provide the 
necessary energy. 

A significant modification of this model was suggested by Atkin- 
son (1966). He proposed that reconnection in the tail occurs sporad- 
ically and implosively in response to conditions in the tail resulting 
in magnetospheric substorms, and between such times no merging occurs. 
This contrasts with previous concepts which usually involved a contin- 
uous process of merging enhanced during geomagnetic storms as a result 
of changing solar wind conditions. 

Atkinson's model implies quasi stable magnetic field and particle 
populations in the tail which are gradually changed by transport of 
magnetic flux and plasma into the tail,either by merging at the sun- 
ward boundary, or convection round the wings. Eventually, subject 
to some triggering process, the energy resident in this configuration 
is unstably released through merging in the tail. This continues 
until the stresses in the tail have been relaxed at which time the 
process may be repeated as long as solar wind conditions are such as 
to cause the tail energy build-up. It is emphasized, however, that 
the solar wind conditions only indirectly affect the magnetospheric 
substorm process through their influence on the tail conditions. 

Though the cause of the triggering of implosive reconnection was 
Hse discussed, it seems likely that two types of processes may occur in 
the reconnection region just prior to merging: (1) A high pressure 
wave front may be propagated into the region from the direction in 


which the plasma will flow into this region upon onset of merging; 
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or, (2) A low pressure wave front may propagate in from the direction 
in which the plasma will leave the region. Axford (1969) speculated 
on the latter possibility, suggesting that a rarefaction wave propagating 
back into the magnetotail may result from an ejection of the particles 
in the cusp region into the ionosphere. 

In discussing the observations of the magnetosphere and surrounding 
regions in epee with the substorm, it is perhaps worth remarking 
on the evidence supporting the merging theory on the sunward boundary. 
Fairfield and Cahill (1966) have shown that when the interplanetary 
field has a southerly component, there tends to be an associated geo- 
magnetic Pern peace at ground level,and that a northerly component is 
generally associated with quiet conditions. Further studies by Fair- 
field (1967) and Rostoker and Falthammar (1967) have given support to 
these results. More recently, Aubry et al. (1971) have presented 
evidence of an inward motion of the magnetopause preceding substorms 
which is probably related to front side reconnection of magnetic field 
lines. 

Data obtained within the tail gives currently a far from complete 
description of the processes occurring there. However, certain distinct 
effects are well established. Behannon and Ness (1966) using data from 
Imp A have shown that during a geomagnetic storm, the scalar magnitude 
of the tail field may be increased from 15 - 20 y to 35 - 45 y. Further, 
they examined the field increase in the early part of a storm when the 
satellite, approximately at apogee and 16.8 Re from the sun-earth line, 
was continually within the cavity. From this, assuming a previous tail 


radius of 20 - 22 Re, based on earlier quiet time observations, they 
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deduced that the maximum possible decrease of the tail radius 
(~3 - 5 Re) could not alone account for the increase in field strength 
DOnls Loe COs SaaS, ales Tt follows then, if the above assumptions are 
correct, that extra flux must have been added to the tail, probably 
from the sunward side of the magnetosphere. 

Heppner et al. (1967),using OGO A magnetometer results, observed a 
change AB in the magnitude of the field approximately fifteen minutes 
after the substorm onset as observed at the Earth's surface, provided 
the satellite is in approximately the same meridional plane as the 
ground based observatory. They found that AB > O in regions where 
the measured field is less than that of the extrapolated dipole field, 
and AB < O where the field is greater than the dipole field. This would 
be consistent with the merging theories because any reduction in the 
tail energy results in a reduction of the currents which are responsible 
forsthe tat betield. 

Rostoker (1968) in his discussion of trigger and main bays, points 
out that for at least one of Heppner's examples the field effect at the 
satellite occurring fifteen minutes after the onset of the trigger bay 
actually coincides with the main bay. He suggests that it may be 
possible to show that this is always the case given enough data to 
define the onsets of each bay. 

Hones et al. (1967) observed that during the expansive phase of a 
substorm (defined by normal magnetogram traces) the plasma density on 
the Vela-2 satellites may drop below the detection threshold and re- 
appear during the early part of the recovery phase if the satellite is 


suitably positioned with respect to the plasma sheet. Though troubled 
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(as indeed is typically the case in such studies) with the difficulty 
of determining substorm onsets accurately, because of inadequate data 
coverage on the Earth's surface, his current evidence (Hones, 1971), 
based on examination of a larger sample of data,suggests the following. 
During the growth phase there is a gradual reduction of the plasma 
density, followed by a rapid reduction at the onset of the expansive 
phase, and finally reappearance of plasma in the recovery phase. These 
findings will be discussed in more detail later. 

However, one interpretation of this information is that during the 
growth and expansive phases of the substorm,plasma is drained out of the 
plasma sheet moving earthwards at an increasing rate, causing a reduction 
in its thickness. Later, at the onset of the recovery phase, the 
deposition rate of plasma into the upper atmosphere begins to decrease. 
Reconnection in the tail occurring with the plasma motion may cease 
simultaneously or some short time later. In either case, reconnected 
field lines may be expected to continue for some time to relax towards 
a more dipole-like configuration. Therefore, while taking on a greater 
extent perpendicular to the neutral sheet, they will under frozen field 
conditions allow a thickening of the plasma sheet. 

To this time no direct evidence of merging has been presented. In 
order to do this it is desirable to clarify what direct manifestation 
such merging might have. Clearly, a rotation of field direction is 
involved, and on the earthward side of the reconnection region a much 
increased value of the field component northwards across the neutral 
sheet is created. Of course, this would also occur if only previously 


connected lines were to contract earthwards. However, when reconnection 
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occurs, a component of the magnetic field perpendicular to the neutral 
sheet and directed southwards is created on the anti-sunward side of 
the reconnection region. It is difficult to imagine any other mech- 
anism which could achieve this and this feature should be acceptable 
as direct evidence of field line merging. 

At the time of the work to be discussed in the main body of this 
thesis, the only direct evidence of merging had been presented by Mihalov 
6teal.(19638)). They studied magnetic field data collected by Explorer 33, 
which scanned to a radial distance of 82 Re in the neutral sheet. It was 
found that outside of 35 Re, a significant proportion of the neutral sheet 
crossings showed distinct southward normal components of field. For 


example, in orbit 1 of 127 samples, 17 per cent showed southward field. 


From September 6 - 10 in orbit 5, 33 per cent showed this effect. Only 
one example was found within 35 Re. The implication of this in terms of 
the reconnection theory is obvious. Furthermore, the observations 


suggest that southward field occurs intermittently thus favouring impul- 
sive rather than continuous merging. 

Laird (1969) examined the structure of the neutral sheet in an anal- 
ysis of data gathered by Explorer 14. He discussed one example of a 
large southward field in the neutral sheet, and showed that this occurred 
during a period of substorm activity as observed at the Earth's surface. 
However, no accurate temporal relationship between the satellite and 
ground based observations was established. 

It is apparent that in 1969, when the work discussed in the next 
chapter was initiated, there was some indication that field line reconn- 


ection may occur in the magnetotail. However, with the exception of 
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the one example presented by Laird (1969), no attempt had been made to 
relate this to the substorm phenomenon. Clearly there existed a need 
to establish whether or not such reconnection occurs, and if so what 
role, if any, it plays in the substorm process. The investigation 
described in the following pages attempts to make some contribution 


in this area. 
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CHAPTER 2 


MAGNETOTAIL BEHAVIOUR OBSERVED DURING SUBSTORMS 


2.1 The Data Sources 

The object of this research was an examination of the behaviour 
of the tail magnetic field during the progress of a polar magnetic sub- 
storm. Data on the magnetotail field were obtained from the Imp A and 
Imp B satellites. 

As mentioned in the previous chapter, Imp A was capable of measure- 


ment of three vector components of the magnetic field to within an 


accuracy of 7%’. This was achieved with two monoaxial mutually per- 
pendicular fluxgate magnetometers with a dynamic range of +40 y. In 
a spin-stabilised craft, this gives tri-directional information. The 


spacecraft also carried a rubidium 87 vapor magnetometer whose accurate 
function requires temperature control within narrow limits. Care 
taken to ensure this resulted in temperature control well within the 
acceptable range of the relatively insensitive fluxgates. Clearly, 
only well-known preferably small spacecraft fields are permissible in 
order to utilise this instrument accuracy. Wherever possible, systems 
within the vehicle were made of non-magnetic or minimally magnetic mat- 
erials. As electrical circuits may carry currents which are variable, 
and not easily known during its operation, great effort was expended in 
spatially distributing these circuits so as to cancel all fields pro- 
duced. The magnetometer sensors were placed 82 inches from the body 
o£ the “crare. In addition, extensive preflight tests simulating launch 


and operational conditions were made to establish limits of confidence 
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on the magnetic field values measured. 

The orbital characteristics discussed earlier allowed almost contin- 
uous observation of the tail field in the range 12 - 31.4 Re during the 
period of time for which data were available (approximately 2% months). 
In its highly eccentric orbit, the satellite spent only a small pro- 
portion of each orbital period within 12 Re. Further details on the 
instrumentation and orbit can be obtained from Ness et al. (1964). 

Due to a malfunction in the third stage of the launch vehicle, the 
satellite Imp B achieved less than half its intended apogee and a lower 
spin rate. Its actual initial orbital characteristics included an apogee 
of 15.9 Re, perigee of 197 km and major axis in the sunward direction. 
Its instrumentation for magnetic field measurements is identical to that 
of Imp A, and instrument accuracy may be assumed identical. When the 
field fluctuates significantly during one spacecraft revolution, the 
reliable accuracy of the fields obtained by spinning magnetometers is 
reduced. This occurs because effectively two magnetic field components 
are obtained by one magnetometer whose sampling direction is changing 
through rotation. Therefore, these two components are not recorded sim-— 
ultaneously and rapid temporal changes may result in spurious field mag- 
nitudes and directions. Thus, for fluctuating fields the accuracy is 
not as high as anticipated owing to the lower spin rate. However, the 
error so produced would not be consistent from one spacecraft revolution 
to the next, and therefore the 12 data point averages used in this study 
are not sensitive to this. It follows that the overall accuracy of the 
Imp B data may be assumed to be the same as for Imp A. 


Clearly, with its lower apogee, Imp B spent a smaller proportion of 
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its time beyond 12 Re. However, useful data were obtained in the 
12 - 15.9 Re range within which of course it experienced lower veloc- 
ities than Imp A, resulting in greater confidence that field variations 
observed are temporal rather than spatial. The total data coverage 
of the two satellites extended over approximately 3’ months. Further 
details of the experiment may be acquired from Fairfield and Ness (1967). 

The satellite data used were in the form of 5.46 minute averages 
of 12 data points of each of the three components of the magnetic field 
in the solar ecliptic co-ordinate system. Although the solar magneto- 
spheric co-ordinate system is a more natural choice, the data were not 
made available in this form. This, however, was not considered a 
problem. The solar magnetospheric co-ordinate system has its X axis 
common with the solar ecliptic system and it rotates about this axis 
in a manner defined by the condition that its XZ plane always contains 
the Earth's magnetic dipole. This results in a rocking motion of the 
solar magnetospheric system in the solar ecliptic system with a complex 
harmonic motion comprised of two simple harmonic motions with periods of 
one year and one day. These result from respectively the Earth's orbital 
motion round the sun with its dipole inclined at 23° to the solar ecliptic 
Z axis and the angle of eleven degrees between the Earth's magnetic axis 
and its rotation axis. 

Clearly, the effect of transforming from one of these systems to the 
other results only in a redistribution of field in the Y and Z components. 
In the period of interest here, that is between the March equinox and 
summer solstice, we are particularly interested in changes in the Z com- 


ponent of the field. Examination of the relative positions of the two 
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co-ordinate systems shows that during this period,concurrent increases 
in the Y and Z components in the solar ecliptic system both contribute 
to increases in the solar magnetospheric Z component. It follows then 
that the reverse is also true. If, in cases where the perturbations 
in the Y and Z components have a different sign, the value of -ABy > 
ABz.cotan Gu). this may indicate that the Z component perturbation 
is not only significantly different in magnitude, but possibly of 
different sign. This follows because 34° is the maximum angle of 
rotation between the two co-ordinate systems. THUS; elie=ABbyY = ABZ. 
cotan (34°), it can never destroy the Z component in transforming from 
solar ecliptic to solar magnetospheric co-ordinates. This consider- 
ation was kept in mind when examining the field variations at the 
satellite. In practice, however, | ABy | is rarely larger than | ABz | 
and the problem does not arise. 

The neutral sheet position in the solar magnetospheric co-ordinate 
system was calculated using the work of Russell and Brody (1967). Using 
data from Imp A and OGO 1, they obtained the positions of twenty-one 
neutral sheet crossings. The surface which they considered represented 
the neutral sheet within the accuracy of their crossing position co- 
ordinates was defined as follows. All points in the neutral sheet with 
Y co-ordinates greater than or equal to 11 Re were in the solar magneto- 
spheric XY plane. Those with smaller Y co-ordinates lay on a surface 
symmetrical about the sun-earth line,which contained a circle of radius 
11 Re lying in the geomagnetic equatorial plane with its centre at the 
centre of the Earth. The position of the satellite was established in 


a co-ordinate system (Xsm, Ysm, Z) with axes parallel to those of the 
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solar magnetospheric co-ordinate system but located in space by the 
requirements that the Z axis be that of the solar magnetospheric 
system, and the XY plane contains a line in the neutral sheet parallel 
to the X axis having the same displacement in the Y direction as the 
satellite. 

The geomagnetic data in the form of normal magnetograms recording 
three components of the magnetic field were employed to establish the 
existence of substorms throughout the period of available satellite 
data. These magnetograms were recorded at the stations listed in 
Table I(a). The characteristic form of the magnetogram traces which 
define the polar magnetic substorm are discussed in Akasofu (1968). 
Rapid run induction magnetograms from those stations in Table I(b) 
were then used to observe the Pi2 micropulsations associated with the 
substorm. The response of induction coil magnetometers varies strongly 
with the frequency of the recorded variations. Thus, the response is 
not flat over the Pi2 frequency band. In addition, while discriminating 
in favour of high frequency field variations, Pi2's (period 40 - 150 sec) 
are not distinctly isolated from accompanying micropulsation activity in 
nearby frequency ranges. Therefore, although identifying the first Pi2 
burst onset is usually straightforward, the onsets of the second and 
subsequent bursts within the substorm if present are sometimes difficult 
to obtain, particularly the later ones as they are often immersed in Pil 
(period 1 - 40 sec) and other continuous high frequency micropulsation 


activity. 


2.2 Treatment of Data 


The method of analysis was as follows. The normal magnetograms 
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TABLE I 


Station Geomagnetic Geomagnetic 
Latitude Longitude 
(a) College 64.6 N 256758 E 
Victoria Deo N 292.0 
Fort Churchill 68.6 N 322.6. E 
Agincourt Dace 390.1 E 
Reykjavik 66.6 N 7a 2a k 
Byrd 1.0. 0a5 336.0 E 
(b) Great Whale 66.6 N 347-45 
Ralston 58.4 N 306.3 E 


Byrd 7056.S 336.005 
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30. 
were first examined and the approximate onset times of all distinct 
substorms were obtained. The rapid run magnetograms were then used 
to determine the onset times of all distinct Pi2 bursts within the 
substorm. For the large majority of cases, only one or two onsets 
could be obtained within the acceptable accuracy of + one minute. If 
an accurate Pi2 onset could be determined, i.e., it was not immersed 


in other activity or associated with a distant current system, the 


uncertainty is typically within + one minute. Otherwise it is typi- 
cally much larger (~ +5 min). Those events for which Pi2 onset times 
could not be accurately determined were temporarily set aside. The 


satellite magnetic field data around these onset times were then 
examined for a corresponding effect in the magnetotail. The additional 
uncertainty in the time of the perturbation of interest within the 5.46 
minute averages of the satellite data results in a total uncertainty of 
approximately + six minutes. 

In the second approach, the satellite data were examined for all 
decreases in the Bx component of magnetic field greater than 5 y. In 
most cases these changes were between successive 5.46 minute data points. 
If this was not the case, the ensuing development of the event was studied 
to ascertain that the perturbation was indeed localized in time and not 
part of a long-term drift. If this condition was in doubt, the event 
was discarded. The normal magnetograms were then examined at the times 
of these perturbations and all those distinctly associated with substorm 
onsets were noted. 

This second approach may appear redundant. However, the object of 


the first method was to examine the magnetic field correlation on an 
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individual substorm basis with emphasis being placed on the Pi2 onset 
times. In the second method, the condition of precise onset times 
from the Pi2 bursts was relaxed and only a single less accurate onset 
time for the substorm as a whole was obtained, allowing more events to 
qualify. These events were then used to Bienes statistically the 
magnetic field perturbations as a function of satellite position. A 
total of 138 events were observed where there was correlation between 
the magnetic field at the satellite and the onset of a substorm at the 
Earth's surface. 

In other cases the tail field behaviour was such that no clear 
relation existed between it and the substorm manifestation on the Earth. 
Also, for some substorm events no response above the noise level was 


seen in the tail. 


2.3 Results 
Brief examination of the data revealed no predictable tail behav- 

iour at the satellite during the substorms. However, on many occasions 

there was a response clearly related to the substorm. Despite its 
variability the behaviour observed may be comprehensively summarised as 
follows: 

(1) At the satellite location, there may be concurrent with earth-bound 
substorm activity either no apparent change in the tail field, or, 
occasionally, the field may be becoming more "tail-like"'. 

(2) Alternatively, coincident with the onset of a substorm to within an 
accuracy of + six minutes, when only one Pi2 burst is observed, one 


may observe the following effects at the satellite: 
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(4) 


B24 
(a) A sharp decrease in the magnitude of the tail field B. 
(b) Such a decrease in B is found to be primarily contained in 


the variation of the X component of the tail Bx; that is, 





there is a sharp decrease in | Bx ° 
(c) With the decrease in B, the Z component experiences a sharp 

perturbation of roughly the same duration as the effects 

in Bx and B. ABz may be negative (field increase south- 

ward) or positive (field increase northward). 
If there are two or more distinct Pi2 onsets, the observations in 
2(a), 2(b), and 2(c) above may occur with the second and subsequent 
onsets. Clear examples of this are too few to determine any 
pattern in the effects at the satellite with these later Pi2 bursts. 
However, as will be shown later, these effects have been observed 
at the time of the second burst when two occur and also at the 
times of the second and third bursts when three occur. Also, some 
indication is present that effects such as those described above 
can occur late in the substorm, although it could not be shown to 
be synchronous with a Pi2 onset. 

In no instance, when more than one Pi2 onset was identified, 

was there a tail effect with the first onset. 
Finally, temporal changes in the magnetic field at the satellite may 
occur having no simple relationship to the substorm as observed on 
the Earth's surface. Although this occurs frequently, because of 
the clarity and precision with which the effects in (2) above may 
be observed, it is considered highly improbable that their form and 


apparent association with the substorm is fortuitous. Rather, it 
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33. 
is more likely that the complex behaviour which is sometimes 
observed results from the satellite being poorly positioned with 
respect to the disturbed region,so that it observes these and 
possibly other extraneous effects through hydromagnetic wave 
propagation. 

The clarity with which the effects in (2) and (3) above may be 
observed can range from that shown in the examples in this paper to 
being barely detectable above the background noise. Responses are seen 
at distances from 12 to 31 Re down the tail,although the character of 
the response changes over this range. Typically within ~15 Re, the 
magnetic field effect is sluggish (see Figure 8) by comparison with that 
observed at greater radial distances (see Figure 7). In general, the 
Imp B events are of longer duration than the Imp A events. This-2s 
particularly true with respect to the return of the magnetic field to 
its pre-substorm orientation and intensity. These observations are 
illustrated in Figures 7 - 12. 

Figure 4 is included to illustrate the magnetotail field during 
magnetically quiet periods on the surface of the Earth,as indicated by 
the value of the Kp index in the figure. The components of the magnetic 
field in the solar ecliptic system are plotted here as a function of 
time. The large X component is typical of the tail field configuration. 
The position of the satellite is defined by the values of Xsm, Ysm, and 
Z in the co-ordinate system defined earlier. 

Figure 5 may be compared with Figure 4. Here at least three dis- 
tinct Pi2 onsets can be identified between 0345 UT and 0500 UT from the 


rapid run magnetograms at Great Whale River. From the X and Y geomag- 
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Figure 5 IMP A APRIL 9, 1964 
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netic field components at Fort Churchill, these are clearly associated 
with isolated substorm activity. Furthermore, at the satellite some 
28.6 Re down the tail and close to the neutral sheet, the time vari- 
ations in the magnetic field during this time are not significantly 
different from those in Figure 4 during magnetically quiet conditions. 
Thus one is led to conclude that, at least at certain locations within 
the tail, there is no magnetic manifestation of the magnetospheric sub- 
storm above the noise level. 


(1 Gey 


That the field in the magnetotail may become more "tail-like 
its components in the solar magnetospheric Z and Y directions become a 
smaller proportion of the total field) is demonstrated in Figure 6. Here 
a substorm is observed in the H and D components of the College magneto- 
gram and Pi2 onsets are identified from the Ralston rapid run magnetogram 
at 1301, 1329, 1403 and 1444 UT. The satellite,located about 28.5 Re 
from the Earth,records an increasing X component without any proportional 
increase in the Y or Z components during the period bracketing the first 
three onsets. This is typical of the form of the tail response 
described by Behannon and Ness (1966) prior to geomagnetic storm 
conditions; that is, an overall increase in the field magnitude seen 
primarily in the X component. The field is therefore becoming more 
tail-like. Figures 7 - 9 show magnetotail effects for substorms having 
only one identifiable Pi2 onset. 

Figure 7 shows data collected by Imp A at the time of a substorm 
(illustrated by the H and D components at College) which features 
excursions of several hundred gammas. This substorm, although large, 


is not part of a magnetic storm. Indeed, it appears to be isolated 
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Figure 6 IMP A MAY 13, 1964 
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with respect to other magnetic activity. The onset time is given by 
the Pi2 burst at Ralston. The satellite at ~ 31 Re down the tail exper- 
iences, coincident with the Pi2 onset, a reduction of the total field B 
and of the X component Bx. The Z component Bz, previously of the 
order of one-tenth of the total tail field, is now a considerably larger 
proportion of that field. Two other features are worthy of note. The 
field effect at the satellite is confined to the early part of the sub- 
storm, with the field returning to its previous configuration within 10 
minutes after the Pi2 onset in spite of continuing substorm activity. 
Also, approximately 2 hours before the substorm, the field builds up to 
an enhanced value which it retains up to and subsequent to the sub- 
storm. 

This field build-up may also be compared with similar results 
found by Behannon and Ness (1966) prior to storm activity. Indeed, 
it would seem from Figure 7 that the input of energy into the tail field 
commenced at approximately 1100 UT (as indicated by the increasing tail 
field magnitude) and continued until the substorm onset. 

Figure 8 shows two substorms represented by X and Y magnetic field 
components at Fort Churchill. The magnetotail field data here are 
from the Imp B satellite ~15 Re down the tail. Again, there is a 


reduction in B and Bx, and an increase in Bz coincident with the Pi2 


onsets. There is also a distinct response in the Y component in these 
cases. However, this Y component perturbation has the same sign as that 
of the Z component. It follows, therefore, from the earlier discussion 


that in the solar magnetospheric reference frame the value of the Z 


component perturbation would be even larger. It should be noted that 









GE 
ud névig at omti dsano sAT “Nalviaog® i 
-reqxs Ifes sft mwoh of Lf -46 porttewe sAt a nies inne 
& bist? [edos ofd to dbtissiex 6 (392n0 Ska oa ane! susisbodtao vasonek 
oft Io vlewotta1g .84 Imencqwos S odT . x8 Shsnogmesdiveds Qo bax 






















+9975 ¢hiasntitenys & won at ,biet? Shes Satot ant * ‘dgne7~s00 30 x9bT0 

sdf  .sden to vintow ais 28707852 ‘49At07 OWT “ora shes Yo mokavoqorq 

“dua oft to seg yYises sft 02 bantinos ek. etitistse ats on “tsetis bier 

OL ahistw tila cians anotvatq e2ti of adhe brat ads. aiiw 3038 

.wtivitvos mrodadue gutunttivos to sjiqe ot ioano ci als are ee” 

od au ebitud bist? ada umortedue sia sxoted aud oY! ogamtxoxqas. ents 

-due ofS oF tosupsedus fie 02 qu enistoer 31 tito tate aay heonadae as. ta 

ed iveas tefimte diiw beseanos od oels vem canbe SEGEY. ARGH: | | W 

, bsebal sViFvisss wrote o2 i9ittgq (aaer) a2on bas nodnndee | 

biat? [fst off otnt ysxere to auqnt 93 Jed \ Ssielt moxt maa 

[tsi yoleseyont ei vd botsoibar as) TU OOfL wlosaqixorage 

-isenc mrotedus oft ftaay pountsnds Bue, 

bisii ofjongem Y bus X yd botnseexges ‘dee naee ows. 

ets sisi sieb blett Lissotscgem AT ct ligand, ito jn 

gat oasis potayA’ «Lies ola avob sf er ostatgane ae 
Rided? diydw inshiontos sf at seadiatit pie xa 

ad rent eit WHO tan a oaks 


eae ale eave i 


_ 





~ oO 


Figure 8 IMP B DAY 86 I965 
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the response is much more sluggish than the typical response at greater 
radial distances, and the magnetotail and ground based substorm observ- 
ations last approximately the same length of time. 

Figure 9 shows the magnetotail responses for three large substorms 
in the midst of an intense magnetic storm. The geomagnetic activity 
is represented by the H component at Byrd and the D component at 
College. However, the rapid run magnetogram shows Pi2 bursts only for 
the first and third substorms. The occurrence of these micropulsations 
at all at this station testifies to their large magnitude, as all the 
events occur several hours before local geomagnetic midnight at Great 
Whale River. The Pi2 burst for the first substorm seems immersed in 
other micropulsation activity. However, there is a clear change of 
character at this point allowing an acceptably accurate estimate of the 
onset time to be obtained. For the first two events, a transfer of 
field from the X to the positive Z direction is clearly observed. The 
third substorm onset affords a good example of transfer of field from 
the X direction to the negative Z direction, i.e., the opposite dir- 
ection to that expected from field lines rooted in the Earth. Also 
noticeable in this diagram,by comparison with the others,is the smaller 
reduction of total field for all three events, although this reduction 
is reasonably clear for the first and third events. 

Convincing evidence of magnetotail effects synchronous with the 
second Pi2 onset within a substorm is presented in Figure 10. This 
would correspond to the main bay onset of Rostoker (1968). Although 
the normal magnetogram data were limited for this event to the X and Y 


components at Fort Churchill, these are adequate to establish the 
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44. 
existence of substorm activity corresponding to the Pi2 onsets at Great 
Whale River, at 0416, 0431, 0502 and 0520 UT. The satellite is at a 
distance of ~23 Re down-tail and observes distinct reductions in Bx and 
B with associated increases in Bz at the second and fourth Pi2 onsets. 
One cannot in this case establish whether one has two separate substorms 
each showing a tail response coincident with the second Pi2 onset within 
the substorm, or only one substorm within which tail responses are 
observed at the third and fourth onset. In either case, the possibility 
of a response in the tail with the second Pi2 onset in the absence of 
such a response with the first Pi2 onset is clearly established. 

Figure 11 shows an example of a substorm with three distinct Pi2 
bursts as represented by the Byrd rapid run magnetogram and the H and 
D component traces at Reykjavik. Clearly, there is no effect in the 
tail “at L4 Re associated with the first Pi2. At the second and third 
onsets, typical tail behaviour is observed (i.e., a transfer from the X 
to the Z component coincident with the onsets). 

Finally, Figure 12 has been included as an example of the indi- 
cations seen occasionally of effects in the tail field late in the dev- 
elopment of a substorm. It may be noted that no correlation is shown 
with the Pi2 activity, but at 0820 UT at the position of the dotted 
line, there is a small transfer into the Z component. The, Fort Church— 
ill X and Z traces shown indicate that the substorm was still in its 
expansive phase at this time (i.e., the absolute values of the per- 
turbations were still progressing towards their maxima). epi Cally, 
the Pi2 onsets are associated with a sharp intensification of the mag- 


netic field perturbation as observed at stations close to the substorm 
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current system. Between such intensifications the magnitude of these 
perturbations may tend to decrease slowly. Each intensification rep- 
resents an increase in the current intensity and an input of energy at 
each onset as discussed by Kisabeth and Rostoker (1971). Away from 
this region, this simple form of the magnetogram trace becomes distorted; 
hence, one sees the inadequate nature of the normal magnetogram to 
establish accurate onsets. However, the form of the X trace suggests 
that several of the periodic ihtensifications may have occurred before 
0820 UT. 

To study the correlation of magnetotail field effects with satellite 
position, the changes in Bx, By and Bz were noted for all decreases of 
Bx > 5 y associated with substorm onsets as described earlier. Each of 
these was then plotted as a function of each of the directions Xsm, Ysm, 
and Z defined earlier. ABz and ABx plotted as functions of Xsm are 
shown in Figures 13 and 14. All other plots showed comparatively random 
distributions. The trends shown in Figures 13 and 14 become more appar- 
ent in Figure 15. This figure consists of three plots. The first shows 
the average values of ABx,and the standard deviation for intervals con- 
taining 15 data points, as_a function of Xsm. For the same intervals the 
average values of positive ABz and negative ABz are plotted together with 
the overall standard deviation. The third plot is of positive and nega- 
tive ABz,and the total standard deviation in intervals of 2 Re, displayed 
as a function of Xsm,when the satellite lay close to the sun-earth line 
and when Kp < l+. As might be expected from previous results, compari- 
son of the two ABz plots shows consistently higher values for those 


correlated with substorm onsets. It is noticeable, however, that there 
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exists a peak in the substorm correlated plot between 21 and 26 Re. 
The greater part of this peak is contributed by the positive average 
ABz reflecting the more frequent occurrence of positive ABz. It can 
also be seen that there is a blowup of both positive and negative 

ABz at low values of Xsm. Finally, it should be noted that ABx shows 
a tendency to maximize between 21 and 26 Re, although it is less 


distinct than the corresponding effect in ABz. 


2.4 Interpretation 


In the following discussion, consideration of onsets for which no 
tail effect is observed will be deferred. It is suggested that observ- 
ations of tail field perturbations synchronous with substorm-associated 
Pi2 onsets may be explained by the field line reconnection model. In 
particular, the large negative excursions of Bz observed around 24 Re 
are difficult to explain by any other model suggested to date. 

The currents required to be consistent with the existence of the 
magnetotail naturally depend critically on the magnetic field topology. 
If one takes as a model a magnetic field with a circular cross section, 
the top half circle intersected by field directed towards the sun and 
the lower half circle by field directed away from the sun, the currents 
required must follow the pattern shown in Figure 16(a) (looking down the 
tail towards the Earth). Such a model has been presented by Axford 
et al. (1965). 

From our observations, it would seem that a substorm onset may be 
associated with a reduction in the magnitude of the tail field. This 


requires a reduction in current, which is equivalent to adding the current 
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system shown in Figure 16(b) to that shown in Figure 16(a). However, 

in order to obtain fields in the Z direction as observed, the equivalent 
current system shown in Figure 16(b) must be, at least initially, local- 
ized in the Xsm direction. Looking along the Ysm axis the fields assoc- 
iated with the currents shown in Figure 16(a) and Figure 16(b) would be 
those shown in Figure 16(c). This configuration is, of course, equi- 
valent to that shown in Figure 16(d), which is the familiar reconnection 
picture. What is attractive about this model is that the southward 
field component producing negative ABz, which is a natural feature of 

the process, is distinctly observed. 

Subsequent to their reconnection, the field lines might be expected 
to vacate the region of merging together with plasma frozen to them by 
contracting in the Xsm direction under the effective tensional forces 
in the field lines (Alfvén and Falthammar, 1963). This would allow 
the field rotation from Bx to Bz to be observed throughout the length 
of the tail, and at varying distances from the neutral sheet depending 
on the number of lines that reconnect. The loss of this plasma would 
cause a pressure imbalance allowing the surrounding plasma and "frozen- 
in" unconnected field lines to collapse into the hole left by the evac- 
uating reconnected lines, thus re-establishing the original field 
configuration (which is observed to occur). 

It is suggested that the above outline is a model consistent with 
the results obtained. If this is in fact the case, it would seem that 
increased tail flux during storm time observed by Behannon and Ness is 
relieved to some extent by the substorm events. If the effect of the 


field increasing in the manner they observed is simultaneously countered 
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54. 
by the reduction due to reconnection, then during storm time the change 
in the total field magnitude at the onset of reconnection would be 
expected to depend on which dominates. The reader is referred to 
Figure 9 where it was mentioned earlier that the reduction of,total 
field was not striking. Whether or not a net reduction of the tail 
field results on its return to the pre-substorm configuration depends 
on the balance ee the amount of flux removed from the tail through 
the substorm process and the amount of flux added to the tail during 
that time. For example, no perceptible reduction in tail field ensues 
from the substorm processes shown in Figures 7 and 10. On the other 
hand, the second substorm effect in Figure 8, the third substorm effect 
in Figure 9 and the second substorm effect in Figure 11 all entail a 
net reduction in tail field. 

With reference to the correlation of tail field effects with the 
position of the satellite, the plots should be interpreted with some 
care. If one assumes that the perturbations in the field components 
are largest in the region of reconnection, the results would imply that 
reconnection occurs in the range of the bulge between 21 and 26 Re. 
However, most of the large perturbations in the bulge occur during storm 
time when it is expected theoretically that any reconnection would occur 
nearer the Earth (Unti and Atkinson, 1968). Also, the reconnection 
process during storm time may be expected to produce larger perturb- 
ations. It is suggested then that reconnection occurs over a range 
in the Xsm direction such that the earthward side of this bulge is the 
innermost limit of this range, the upper limit being indeterminable from 


our data. 
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In addition to the blowup of ABz outside ~ 21 Re, we have shown 
that ABz gets larger as one approaches the Earth. The direction of 
the change can be either positive or negative although positive changes 
appear to dominate slightly. It is considered that the increase in 
magnitude of ABz as one approaches the Earth reflects the increase in 
the ambient B field. The sign of this change, however, depends on the 
geometry of the distended field lines relative to the undistended dipole 
configuration, and the following considerations must be kept in mind 
while employing the reconnection model to interpret these data. 

Figure 17 shows two unconnected field lines which, it is suggested, 
will, through eet ee collapse into a single more dipolar field 
line in the position shown by the dotted line. The line Xsm = R inter- 
sects the solid and dotted lines at points where they have the same 
gradient. Xsm = R, represents the inner boundary of the range in which 
the unconnected field lines may be considered to have a negligible Z 
component. The sign of ABz will depend on which region the satellite 


is in at this time. In the region Xsm < R the rotational effect will 


12 
cause ABz < O above and below the neutral sheet. In the region 


Ry < Xsm < Ry one would expect ABz > O through rotation unless the tail 


field decrease dominates, in which case one would observe ABz < 0. 


However, the value of R, depends on the particular pair of lines 


L 
chosen. Thus, the value of Xsm below which only ABz < 0 is observed 
(i.e., Xsm = R) depends on the distance of the satellite from the 
neutral sheet. Therefore, no such effect appears in Figures 13 and 14 


where the value of the neutral sheet distance from the satellite varies. 


In summary for Xsm < Ry one would observe ABz < 0 or ABz > O with the 
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magnitude of |ABz| being related to R, ~ Xsm. 


Outside these regions where Xsm > R the ambient value of Bz is 


9? 
near zero, so that changes in total field magnitude will not influence 
ABz substantially and the rotational effect always dominates. On the 
earthward side of the reconnection point (if this is somewhere 

beyond Xsm = Ry)» ABz should always be positive, whereas on the other 
side of the reconnection point ABz should be negative. The fact that 
the reconnection point varies in position with magnetic storm activity 
suggests that,beyond the innermost edge of the reconnection range, one 
would expect to observe both positive and negative excursions in Bz. 

It should be noted that the ABz < O for Xsm < R, would be observed 
if only previously connected field lines collapsed to a more dipolar 
configuration. However, in this case ABz would be a monatonically 
decreasing function of Xsm for Xsm < R, and ABz would be zero for 


Z 


Xsm > R Thus, one cannot with this model explain the bulge between 


3° 
21 and 26 Re. 

The large ABz values in the range Xsm > 21 Re were explained 
previously on the assumption that larger Bz perturbations occur in the 
region of the reconnection. This follows from the fact that for some 
time prior to, and during, their reconnection the field lines approach- 
ing the reconnection region will have a substantial Z component. 
Bearing in mind that the reconnected field lines move away from the 
reconnection region more rapidly than they enter it, for values of Xsm 
outside this region, the flux in the Z direction will be spread out 


giving weaker ABz variations. 


Also, it was pointed out that close to the Earth (inside ~15 Re) 
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Speke 
the response of the magnetotail field is relatively sluggish, parti- 
cularly in the recovery phase. This could be due to two possible 
effects. First of all the field change associated with the reconn- 
ection arrives over a longer period of time than the time over which 
reconnection occurs due to the spreading out of the field described 
in the previous paragraph. This would result in a somewhat greater 
time being Peaoired for the maximum ABz value to be reached while, in 
addition, enhanced Bz would be sustained for a longer period of time. 
Secondly, close to the Earth the solar wind becomes less effective in 
influencing the movement of field lines. In this region the effect 
of the Earth's iat field becomes important in restricting field 
line motion. The net result is a slowing of the return to the pre- 
substorm configuration giving a longer recovery phase. 

It is necessary now to consider, in the light of the model just 
developed, those events for which no magnetic field effect was observed 
at the satellite. The following are suggested as a comprehensive list 
of alternatives: 

(1) It is possible that the field reductions and rotations resulting in 
the transfer of flux from the X to Z components observed coincident with 
the onsets identified are entirely fortuitous. It is felt that the 
number of clear examples of this, all showing synchronous earth- 
satellite effects within the accuracy of our measurements,make this a 
highly improbable explanation. 

(2) It may be that the tail behaviour observed occurs throughout the 
whole magnetotail when observed by the satellite and not anywhere within 


the magnetotail when not observed at the satellite. That is to say, 
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it is associated with the substorm but does not always occur. For 
instance it may be a by-product of some other process in the magneto- 
sphere which is responsible for the substorm phenomenon,and as such its 
presence may be determined by other peripheral conditions. 

(3) It is possible that when an effect is observed at the satellite 

it does not necessarily occur throughout the whole of the magnetotail. 
It follows that if he substorm associated effect occurs at the satellite 
it is always occurring elsewhere in the tail. Some models consistent 
with this suggestion are discussed below. 

It was pointed out earlier that a tail field collapse through re- 
connection would be seen anywhere within the volume containing the re- 
connecting lines. In the distant tail this volume is well approximated 
by a function which is independent of Xsm. As suggested earlier, it 
seems likely that the field lines above and below those which reconnect 
will move into the reconnection region to replace the reconnected lines 
which are vacating this region. As the fresh lines repopulate this 
region they may be expected to exhibit some rotation from Bx into Bz. 
Thus, this effect would be seen above and below the reconnecting lines. 
However, one would expect that the magnitude of the perturbation would 
be attenuated with increasing absolute values of the Z displacement of 
the satellite. 

It is worth considering the implications of extending the model to 
include this inverse dependence on the Z displacement. It is indeed 
probable that the magnitude of the effect at a given value of Z will 
vary from substorm to substorm as a result of different total volumes 


of field reconnecting, thus creating differing total energy releases. 
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60. 
Therefore, one would not expect to see a simple relationship between 
the magnitude of the effect and the Z displacement. However, if this 
is so, it is difficult to see how, in Figure 5, with the satellite 
virtually in the neutral sheet (+2 Re, possible error in the Russell 
and Brody formula) the reconnecting volume could be so small as to 
show no effect here, if it is to achieve the necessary energy release 
from the magnetic field to create the substorm. Therefore it seems 
that the model discussed above is, alone, unable to account for all 
aspects of the tail magnetic field behaviour during substorms. 

At this point, the only other possibility consistent with the 
suggestion that the effect is not uniform throughout the tail is that 
there exists a dependence of the magnitude of the perturbation on the 
Ysm direction. Such an extension to the reconnection model has been 
discussed by Rostoker and Camidge (1971) and it has certain features 
which make it attractive. 

It is well known that after being initially centered around local 
geomagnetic midnight,the perturbation current system during the substorm 
usually increases its extent westwards. This development may occur 
quite rapidly and the leading edge of the current system is referred to 
as the westward travelling surge. Naturally, this leads to signifi- 
cantly different normal magnetogram traces at stations with different 
magnetic longitudes. An example of this is shown in Figure 18, where 
it is seen that distinct perturbations in the field at Great Whale River 
precede those at Fort Churchill (some thousand miles to the west) by 
about fifteen minutes. Given this westward progression of the iono- 


spheric region in which energy is being deposited, it seems reasonable 
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Figure 18 
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Be 
to infer that one needs a magnetospheric energy source that progresses 
azimuthally. If indeed the reconnection in the tail is the mechanism 
which provides the substorm energy in the quasiperiodic manner 
observed, it seems likely that an azimuthal progression of the reconn- 
ection region occurs in discrete steps. This brings us to the model 
outlined in Figure 19. 

It is suggested by the above authors that within the tail one may 
have a succession of azimuthally confined sectors A, B, and C collapsing 
in that order, the number of sectors being arbitrarily chosen as three 
to illustrate the model. This may be any number and may well vary from 
substorm to substorm. Such a development might produce an H trace on a 
typical night-time magnetogram in the auroral zone ae shown by the model 
magnetogram in the figure. Note that the effect at the Earth due to 
each energy input is not finished when the next energy input occurs, 
thus one sees a continually deepening H trace in more or less discrete 
steps. More significant here is the effect observed by satellites in 
the different sectors A, B, and C shown at the bottom of the figure. 
Here, only the typical reduction in the magnitude of |Bx| is shown. 
However, the important factor is that a single satellite will only 
observe an effect in the tail in association with one of the intensi- 


fications of the current system and associated Pi2 onsets. 


Though this deepening of the H trace is commonly observed, it is not 
the only possible form of this trace, as substantial recovery may take 
place after each intensification. Thus, it must be realised that there 
are numerous magnetic signatures which can be recorded at the ground 
observatory that are dependent on the spatial and temporal development 
of each localised section of the auroral electrojet. However, each of 
these signatures may be explained by the model depicted in Figure 19 
given a suitable choice of collapse frequency and development of 
the electric current system within the magnetosphere associated with 
the collapse of each region. 


af 
‘- | ar q AGP. ray Ss 


eseastgorg tad4 sotuoe yYRgisas Siredgeodangam & ebssa sto aed setnt o2 


metosdsam ort el {isd sft nk nottosnnossa sit Beebat 21 -yitedoumtes 
tsnnam okbobisqteaup 943 ni yeyens maovedde ‘ons sebiverq dobdw 


~anase1 sis to soteestgo1g (edduiss oe daddy Visdkl james Jf ~bevisedo . 








febom sd3 of eu egnisd sidt .agade sievetb ot esso50 motge? morsse © 


- .Of stvat¥ at bankisauo 
vam ono List odd noidviw asda exodivs svodp sd yd betgeggue Bt 32 


gniegsfiios 0 bus ,f .A exodose bentinos yilsdiomtss to noteasooue s svad 
997n3 2b pean vidysritdis gated exostoses to soda eat er Send at 
mot? yvasv Ifew yem bose asdmun ye 9d geo ekdT- iehe sit adeviseut ts os 
e no aps1a H es souhotg dfgim Inemqoisvesb s Aue _mrotedue od arrodedua 
fabom of3 yd mworle as sos Insorus oft At maxgotongsa omta=aiigha Isokqy3 
o3 eub ist88 sft de jJoSite ofa jad Ss70M sesught sft mr mat go 9ngsa 
s@%yoo0 Juqnk yarens i sia osdw badetnh? Sort et. jugnt ygreas dose 
sierpelb esasi ro stom mi saB%3 H gninsqsab ylisuattnes & 89928 ono suds 
at estitissse yd bavisedo dostis sda el sai sonoktirgte S0M .‘nqeoe 
erugi? efi io motszod ef3 18 swode 0 baa a eA ero3992 gne10 33h ond 
sawote et |xa| to sbutiogam sila nt nofsaybex astq@ oda yao <9TSH . 
vino ILiw sathiflosse siynte e dads gt sotsph Ansaraqmt sd3 |, YevewoH 
+fanestal sit io ond diiw nolseiooees mb ited sit at toetis ns pesaniea 
setsedo SIT beet pee 5 page motaye paren era to enotteatd | 
| ea 


_ i : 












Figure 19 
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This model is adequate to describe the large majority of cases 
studied. However, Figure 11 indicates that it is possible to observe 
an effect at least twice coincident with two Pi2 onsets in the same 
substorm. If this is the case, then to retain this model one is 
forced to a further modification. One possibility is that regions 
A, B, C, etc., while representing a westward travelling energy source, 
may each collapse through reconnection more than once. Alternatively, 
the boundaries of say sectors A and B may be such that the two sectors 
overlap, providing a common region in which the collapse of both sectors 
A and B may be observed. However, in such speculations, one is 
straying rather far from the tangible evidence. Suffice it to say 
that this model provides a reasonable explanation for the intermittent 
lack of observable effects in the tail during substorms. 

Two other points are worth mentioning with respect to this model. 
First, no dependence of ABx or ABz on Ysm is necessarily present as the 
character of the effect in any one sector for any substorm is consistent 
with the character of the effect in any other sector for any other sub- 
storm. 

If, on the other hand, a substorm always starts in sector A, which 
is always in the same azimuthal range, and progresses through the same 
number of sectors at the same rate for all substorms, one might expect 
to find a dependence on the Pi2 number (i.e., first, second, third, 
etc.) within a substorm on azimuthal position. This was attempted, 
but no dependence could be seen. However, aS it is difficult to find 
three or more distinct Pi2 onsets within a substorm, and of these only 


a few with the satellite suitably placed, this lack of dependence is by 
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no means established. 

Secondly, as the data in the tail region were obtained in the 
region after 22.00 LT, any collapse of azimuthal sectors further 
round towards the dusk meridian would not be observed. Thus, from 
the restricted sampling region, if this model is correct, there is 
only a small probability of observing reconnection late in the sub- 
storm. This may eaeien a the infrequence of such observations. 

It was suggested earlier that, during storm time, the field 
reduction associated with a particular burst of reconnection in the 
tail may not be detectable, and further that the magnitude after the 
reconnection when compared with that before may not be perceptibly 
reduced if only a small amount of flux is removed. If the increased 
tail flux during a magnetic storm observed by Behannon and Ness is a 
result of a greater rate of addition of flux to the tail than under 
quiet conditions, this suggests that this addition rate is balanced by a 
high rate of removal of flux by a rapid succession of implosive merging 
events, producing the storm. Also, Figure 7 shows a distinct increase 
in field magnitude in the two hours preceding this isolated substorm. 

It is postulated that the build-up of flux in the tail is directly 
or indirectly associated with the conditions favourable for substorms, 
and further that the rate of addition determines whether the substorms, 
being the agent of flux removal, will occur frequently enough to create 
a storm or appear only as isolated bursts. If this is indeed the 
case, then the change in field magnitude after a reconnection may, in 
principle, be positive if only a small amount of flux is removed and 


the rate of addition of flux is high. This would be more likely to 
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66. 
occur for a substorm immersed in a storm. Nevertheless, for any 
substorm, one may observe that the "background field variation" (i.e., 
the field variation remaining after the extraction of the rapid 
reconnection perturbation) may be increasing or decreasing during 
the substorm. 

Returning to the suggestion that the field is not perturbed through- 
out the whole tail ren reconnection occurs, if the satellite is in such 


a position that it sees no reconnection effect, it will see the "back- 


ground variation" defined above. This, of course, is true regardless 
of the model chosen to explain the non-uniform tail effect. Figure 6 
shows quite a large variation of this type. One is tempted to suggest 


that during the period spanning the first three Pi2 onsets, the addition 
of field dominated the reduction due to implosive merging (not observ- 
able at the satellite), whereas during the fourth and possibly sub- 
sequent Pi2's reconnection dominated. 

One final observation requires comment. When two or more Pi2's 
could be identified in association with a substorm no tail effect was 
ever observed with the first of such a sequence. Although this can 
be explained easily by the azimuthal sector model, the possibility 
still exists that the first discrete energy input in a substorm is 
initiated in the inner magnetosphere. Information from this disturb- 
ance then propagates into the magnetotail where it may trigger the 
first reconnection. This consideration may seem unwarranted on the 
basis of data presented. However, it is included as it was originally 
suggested by Rostoker (1968) as a possible explanation of the trigger 


bay/main bay phenomenon. 
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Further justification for keeping this possibility in mind can be 
found in the evidence presented in the above-mentioned paper, showing 
that the trigger bay is a small localized effect exhibiting a much 
smaller energy dissipation than the main bay. This, of course, does 
not define the mechanism but suggests that it may be different from 
the main bay and any subsequent energy inputs. Also, the observations 
of tail effects when only one Pi2 can be found do not invalidate this 
because the localized trigger bay is often difficult to find on normal 
magnetograms. Furthermore, because of its smaller energy dissipation, 
it may excite Pi2 micropulsations over a smaller area than the main bay. 
Therefore, it is possible that substorms for which only one Pi2 could be 
found had an earlier undetected trigger bay. 

In conclusion, it is felt that rapid field line merging in a 
localized region of the magnetotail, providing the energy for the sub- 
storm, is a probable explanation of the results presented here. In 
particular the appearance of approximately 80% of the field in the 
negative Z direction on one occasion is difficult to explain by any 
other mechanism. Further, it seems that the energy is delivered into 
the upper atmosphere rapidly (within the 6 minute uncertainty inherent 
in this study). The increase of the perturbation field values outside 
Xsm ~21 Re suggests that the reconnection occurs beyond this value of 
Xsm at a position probably correlated with the intensity of magnetic 
a@tivitys This observation is consistent with the work of Unti and 
Atkinson (1968) who showed that the neutral sheet and tail field are 
displaced earthwards with increasing tail flux (which we know is a 


function of the level of terrestrial magnetic activity). 
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CHAPTER 3 


SOME RECENT OBSERVATIONS 


Since this examination of substorm-associated tail effects was 
completed some interesting observations complementing this study have 
been published. Perhaps the most significant here are those of Fair- 
field and Ness (1970) obtained by a comparison of 2.5 minute averages 
of the AE index, and Imp 4 magnetic field data available with 20 second 
resolution. 

Their statistical study indicates that in times of magnetic 
activity the magnetotail is more tail-like than at quiet times. This 
is shown by an average value of Bz of 1.8 when AE > 20 y compared with 
AAS DOLVTARGS 92 0b; Also, they confirmed the results of Behannon and 
Ness (1966) showing that the total field magnitude in the tail increases 
with AE. 

On an individual substorm basis, they showed that typically, prior 
to the maximum values of AE, B would increase, but Bz would remain small 
and at a time "usually near the maximum value of AE", the field B would 
decrease with Bz simultaneously or shortly afterwards increasing. They 
were able to find only occasional examples of small negative Bz changes 
and from the examples shown in their publication these appeared to occur 
in no particular relation to the substorm. However, they found some 
cases where almost all the tail field was rotated into the positive Z 
direction. 

Generally their results are in agreement with those presented 


earlier in this thesis. Although it may seem that some of their timing 
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disagrees with that shown in this study, such discrepancies are far 
more likely to result from study of the rather crude AE index sub- 
storm representation than the individual normal magnetograms supple- 
mented with Pi2 micropulsations. 

Russell et al. (1971) observed similar effects in the radial 
range 10 - 17 Re in data from OGO 5. On one inbound pass four sub- 
storm associated PY) effects were observed near the expected position 
of the neutral sheet as computed from the Russell and Brody formula. 
On each of these, they observed a decrease in total field B and a 
positive change in Bz. However, they found that the increase in Bz 
in the last of these substorms occurred approximately fifteen minutes 
after the decrease in B commenced. This may indicate that the satel- 
lite initially observed a reduction in B in the form of background 
variation defined earlier due to flux removal from the tail, whereas 
the field magnitude decrease concurrent with the increasing Bz was 
intimately associated with reconnection. That is, in the former 
case, the satellite may have been well outside the volume of reconn- 
ecting lines, and in the latter case, inside. Alternatively, as the 
satellite was at a distance of approximately 7 Re for this last sub- 
storm, the initial reduction in B could result from the outward propa- 
gation of a rarefaction wave front behind which followed a reduction 
of magnetic and plasma pressure. The collapsing magnetic field 
following a reconnection triggered by this wave could be responsible, 
on reaching the satellite, for the appearance of the change in Bz. 

Aubry and McPherron (1971) have attempted to correlate causes and 


manifestations of the magnetospheric substorm,and other changes in the 
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magnetosphere, from four locations. From interplanetary space they 
obtained magnetic field and plasma data of the solar wind from each of 
Explorers 33 and 35. Tail field data only were acquired from OGO 5 
and Imp 4 as used by Fairfield and Ness (1970). Inner magnetosphere 
field data and ground magnetic field data were provided by the UCLA 
magnetometer on ATS 1 and various ground magnetograms, respectively. 
Their conclusions sialy be summarized as follows: 

(1) The tail field slowly increases and slowly decreases with 
the appearance of southward and northward interplanetary 
field respectively in the absence of substorm activity. 

(2) The tail field decreases slowly, in association with sub- 
storms. 

(3) When the tail field increases it takes on a more tail-like 
configuration and the plasma sheet thins. When it 
decreases, from either of the above causes, it becomes 
more dipolar and the plasma sheet expands. 

(4) Rapid decreases in tail field result only from the diamagnetic 
effect when the satellite is passed by the boundary of the 
thickening plasma sheet. Rapid increases occur only from 
the reverse of this. The former, therefore, may be in 
association with substorms or arrival of northward inter- 
planetary field. 

It should perhaps be mentioned that these conclusions were arrived 

at from consideration of their own data together with other known res- 
ults. Also by rapid changes they refer to rates comparable with those 


observed in the study of this thesis and therefore their slow changes 
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refer to rates of change much less than these. Their intent was to 
demonstrate that the tail behaviour associated with substorms is 
similar to that due to other causes and much of the disagreement 
regarding, for example, time delays between earth and tail behaviour 
had resulted from this. 

According to their interpretation, they would associate the 
rapid magnetic field changes in this study to plasma sheet boundary 
traversals. This was essentially an assumption (they had no particle 
data from Imp 4) supported by results of Lazarus et al. (1968) where 
rapid changes of field with corresponding changes of plasma pressure, 
such that the rater magnetic plus plasma pressure was constant,were 
interpreted as plasma sheet boundary crossings. It is highly probable 
that magnetic field changes occurring while the total pressure remains 
constant are indeed plasma boundary traversals. Furthermore, some or 
all of those magnetic field changes observed by McPherron et al. may be 
of this nature. However, in the examples examined in this thesis, a 
clear field rotation is observed. As there is no reason to expect a 
significant change of field direction across the plasma boundary 
(indeed, there is every reason to expect the field to be approximately 
parallel to the boundary), it is submitted here that rapid changes in 
field magnitude and direction are not indicative of plasma boundary 
crossings, but are seen in association with substorms. refers further 
suggested that the slow substorm-associated decrease in field magnitude 
is observed by the satellite when it is not in the reconnection region. 
It then sees only the background field variation. 


In summary, McPherron et al. have shown that changes in tail field 





| | / - 
at if 
02 ebw sneant aiedT ‘.aberty naz Scedeetibanenet a" 
et emyoteduve dtiw Rasp seosne 
Unemsetgsetbh ad+ to dovm bas eseurs 19490 sicigte chi alia 
debiipiiied: kina hen asia came dened emis: ,sigitexs 10? .gokbrages _ 
$#2% SXslooees bivow yet ,folstetoxgtoant <1ets) os antecieaneee 
vite bavod jedehé- lke od ybude atdd nt negnards bis)? obdsagaw BEQSY 
efotaxaq on bart yor?) noligqnmees ns yilstinsees eaw etd? Jeisesovend 
sisdw (8882) fs ts. evtese! to ailueor yd bas roaquertta: eet woe omiab 
setusesyq smeaiq to esgnaiin ankbnoqesr1es Athy brat? to esganis bigar 
S%5W,JoBdeno. enw bihinceed amealq evia cttocgsm Istos aaa tat dove 
sidsdorq vifigtd et 31 -egntesors yisbraued tesde cinbn re Baebes ; 
anisms on [edo2 sda sitdw gnitxvs50 ‘eons bret? obeengaih pelle 
10 smoe® ,ssomsedtawi =. alsetovext ersbndod alae besbarl o1s sae2en09 | 
ad yem .is 36 norizedIoM yd bevisedo segnedo bleh obssngam seots eo Ils 
 *s <eteeds atdis at bsnimexs estamsxs sit mb <ravewoll i eer EN: : 
B Jo9qx9 OF mOeESY on 2! exSht aA chneuteats al adtistox Bret sasts _ 
“webmuod smesiq sia eeo1ss aottosthb bier, 30 Sghedo: Jesse MARE : 
¢iswsitixosggs sd.o2 bISI} ody 359qx9 03 nbeKex tious! bk Saad {bsebet) | 
Mt aegantia tiger zed3 oved bosstudue ef 4% Cent an oo aan 
‘iBbaved nmesig Io svitsotbmi aon x6 1 
Pedr si 21 cemtosedue dtw cotisisos 






























J2. 


magnitude are related to the change of direction of the component of 
the interplanetary magnetic field perpendicular to the ecliptic plane. 
However, it is contended in this thesis that, on the basis of the 
currently available data, rapid changes in magnitude and direction 
of the tail magnetic field are Beye kasherormessnociared phenomena. 
Meng et al. (1971), using Imp 3 magnetic field data and energetic 
electron data (E > 50 kev), have examined substorm-associated events in 
the tail in three regions: (a) high enough above the neutral sheet so 
as to never become immersed in the plasma sheet; (b) the region which 
is in the plasma sheet when it is thick and not when it is thin; and, 
(c) the region which is always within the plasma sheet. (Although 
the plasma sheet electrons have only a small percentage of their pop- 
ulation with energies in the E > 50 kev range, the existence of these 
energetic electrons is usually a reliable indication of the existence 
of the plasma sheet.) Their results indicate that typically, in the 
early phases of a substorm, the field magnitude outside the plasma 
sheet increases, while it decreases during the recovery phase. The 
plasma sheet thinning is observed downtail to at least a distance of 
30 Re in the early phases and expands more rapidly sometime around the 
maximum development of the substorm. In region (b) the passing plasma 
boundary is accompanied by a large diamagnetic effect and "within the 
expanding plasma sheet, the northward component of B increases". It 
is believed that the authors are not implying that the increase in Bz 
appears discontinuously with the passage of the plasma sheet boundary. 
Certainly, the examples in their publication do not support this. 


Rather, their statement is interpreted to mean that over a period of 
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20 - 30 minutes while the plasma sheet is expanding, the value of Bz is 
increasing. Also, their examples show spikes in the B and Bz plots 
similar to those discussed earlier, although they do not relate them to 
any specific substorm feature. 

Clearly the gross tail behaviour before, during, and after substorms 
seen in this study is in agreement with that of the previous publications 
discussed in this chapter. One can see, however, slight differences in 
the timing of the various correlations with ground based magnetometer 
data. This is no doubt due to the different criteria adopted to estab- 
lish the substorm onset time, together with the use of a limited number 
of normal magnetograms which will tend to lead to disagreement between 
those not using the same set of magnetograms. 

Finally, the contemporary understanding of the plasma sheet data at 
~18 Re provided by the latest results from the Vela program are presented 
by Hones (1971). In essence, this involves a plasma sheet which thins 
gradually over a period of an hour or more prior to the onset of the 
expansive phase of a substorm. In this thinning, however, the density 
of the plasma is not increased and it is concluded that the plasma is 
driven earthwards creating a gradually deepening H trace on an auroral 
zone magnetogram. This corresponds to the growth phase discussed by 
McPherron (1970). After this, the onset of the substorm expansive phase 
occurs showing a very rapid decrease in the H trace in the auroral zone. 
This is accompanied by the onset of rapid thinning of the plasma sheet. 
Alternatively, the development or growth phase may not be observed and 
the onset of the expansive phase may appear without warning accompanied 


by the rapid thinning of the plasma sheet. Sometime after the onset of 
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the expansive phase the plasma sheet expands to a greater thickness than 
the presubstorm level. 

In conclusion, the following is proposed as a plausible model of 
the magnetotail behaviour prior to and during substorms. At some time 
before the substorm, the total tail flux is increased due to removal of 
magnetic flux from the sunward side and delivery of this to the night 
side. The erence dee diameter produced creates a greater angle of 
flare at the boundary and a greater obstruction to the solar wind flow. 
This causes compression of the tail, which increases the magnetic field 
energy density thereby causing the plasma sheet to be compressed 
gradually. At some point in time determined by the energy resident in 
this magnetic field configuration, implosive reconnection is initiated 
in a series of bursts exhibiting a 15 - 20 minute periodicity. These 
occur in a succession of localized regions causing energy to be depos-— 
ited in the upper atmosphere with the same periodicity. This causes 
the onset of the expansive phase and rapid plasma sheet thinning. 

Within the reconnection region violent field perturbations as shown in 
this thesis are observed. Outside this region, the field will continue 
to increase gradually if the field addition rate dominates the removal 
rate through reconnection. However, eventually, when the addition rate 
subsides, removal will dominate and the field will decrease gradually. 
Furthermore, removal of field in the distant tail (which then piles up 
at smaller radial distances in a more dipolar configuration) causes tail 
field lines which have not reconnected also to gradually adopt a more 
dipolar configuration throughout the tail. As this more dipolar field 


appears, the plasma sheet expands. Eventually, when enough energy has 
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been transported from the magnetotail to the inner magnetosphere, 
reconnection terminates. 

It is felt that this model best explains the currently available 
data describing the character of the particles and fields in the mag- 
netotail. The details of the model with regard to the proposed quasi- 
periodic implosive reconnection in spatially localized regions are 
viewed as a viable conceptual structure within which to interpret these 


data, though it may well be modified in the light of future observations. 







eidsitevs yitasrtes oft entulgxe jad Labom @ ft 7 
“gem ofa at ebisti bus eglotixeq sa —— 





seeds ee ot doidw nidstiw sivtousse eee fs nae 7 a 


} , | As 














My the 7 pat gest 
; ae i . 

22 dens Stel 

SPa68 baal? se 

Ste. TR Veo 

> fyia 4 — We bug 7 

Pyare 5 fs. sea : 


si% _ es o Tab fe on : _) 

’ LA oh t aes » 
Siesta A 

sy tike pie ee 
ee mew “an 


76. 


BIBLIOGRAPHY 


Akasofu, S.-I., Polar and Magnette Substorms, D. Reidel, Dordrecht, 
Netherlands, 1968. 


Alfvén, H., and C.-G. Falthammer, Cosmical Electrodynamics, fundamental 
principles, p. 54, Clarendon Press, Oxford, 1963. 


Anderson, K.A., Energetic electron fluxes in the tail of the geomagnetic 
field, J. Geophys. Res., 70, 4741, 1965. 


Anderson, K.A., and N.F. Ness, Correlation of magnetic fields and 
energetic electrons on the IMP 1 satellite, J. Geophys. Rev., 71, 
3105, 1966. 


Atkinson, G., A theory of polar substorms, J. Geophys. Res., 71, 51515 
1966. 


Aubry, M.P., C.T. Russell, and M.G. Kivelson, Inward motion of the 
magnetopause before a substorm, J. Geophys. Res., 75, 7018, 1970. 


AUPEY. Meee, aud Rel. MCenertron, Magnetotail in relation to the solar 
wind magnetic field and magnetospheric substorms, J. Geophys. hkes., 
76,4381, 19715 


Axford, W.I., and C.0. Hines, A unifying theory grenten latitude geo- 
physical phenomena and geomagnetic storms, Conse LNYS oes 
TA334 0 L9OL. 


Axford, W.I., The interaction between the solar wind and the earth's 
magnetosphere, J. Geophys. Res., 67, 3791, 1962. 


Axford, W.I., Viscous interaction between the solar wind and the earth's 
magnetosphere, Planet. Space Set., 12, 45, 1964. 


Axford, W.I., H.E. Petscheck, and G.L. Siscoe, Tail of the magneto- 
sphere, J. Geophys. Res., 70, 1231, 1965. 


Axford, W.I., Magnetospheric convection, Rev. Geophys. and Space Phys., 
(se 421," 1969. 


Bame, S.J., J.R. Asbridge, H.E. Felthauser, R.A. Olson; “and IVBs“strong, 
Electrons in the plasma sheet of the earth's magnetotail, Phys. 
Rev. Leer. , 10,*L583 19668 


Beard, D.B., The interaction of the terrestrial magnetic field with the 
solar corpuscular radiation, J. Geophys. Res., 60; 3559, 1960. 


Behannon, K.W., and N.F. Ness, Magnetic storms in the earth's magnetic 
tail, J. Geophys. Res., 71, 2327, 1966. 


at 


yuaammotuare = + | WAT AS Dehed 









pItzetbioG .febked .d ,smnotedse obtengniitinay 


5 
“a Bye) A Lael } 
, ' 


intuemmbent .sotmnphorinssa Suokmee ream aas anes . 
E0CL ,brotxO ,aestt aobns7e10 ~he 1a 

sitongemosg add to Lies ols mk 2exul? gortsats ot 93° sn 
cael , Lava WS 887 Bhs SH. 


~_ 


eA 
a ot ebiok? - a 
ae 
bua ebisi? otsengem to noige [sx7x09 22st x eerie 
LS gst .eudgqosd .> .stifistse I IMT sa9 no 
. a r20re ; 


-Vele .fS ,.888 .ayiaead . .amrotedua telog to indie A 68 goamnin 


a3 20 mokiem brewat .coalsvia .o.M Bos Ace via 260M aerdus 
Over <BL05 23S ..e9n .syhtos? .b ,mrotedue & 5x0%sd Bepades angen : 


teloe of3 03 nokicfox nit IistotongsM..noxzedIsM .tea 


«89 .eyigned .\ ,emrotedue oltsiqeotongsm bas bisk2”: 
Re tere 8 


~osg Sbuttisl dgin to yrosd3 gnivitay A .2sm@tH 40. 36 
26 By .& so .eortode oiisngsmosg bas 5 









i ‘ates sis bos bniw zsloe Sdi asewisd aokssetstnk die Aare aati ) = 


SdWL , FETE ,838 ,.89F Jeyiogpsy Ve srorqaotongsa i 
ce ahs TOR rs 

A a Ae 

i. 

: 





~osengem ois to ItsT ,sonet? 1.9 bas mee H 









eel . LESt eS «  BaH. 66 
+ OYRA songs Kem .egdqosd .vel ,notsosvaoo sive: 


ma eis Ah 7 


bride tag A o ~ i ps 
atone 





i. a 


T]s 


Biermann, L., Solar corpuscular radiation and the interplanetary gas, 
Observatory, £7 sn109.,,195/. 


Chapman, S., and V.C.A. Ferraro, A new theory of magnetic storms, 
Terr. Magn. Atmos. Elec., 36, 77, 1931. 


Dessler, A.J., Length of the magnetospheric tail, J. Geophys. kes., 
693913, .1964, 


Dessler, A.J., Magnetic merging in the magnetospheric tail, J. Geophys. 
Re@G.a7 > .a209,.1968. 


Dungey, J.W., Interplanetary magnetic field and the auroral zones, 
PHYS aneD. LOL Tne o, ns! su 00. « 


Fairfield, D.H., and L.J. Cahill, Transition region magnetic field and 
polar magnetic disturbances, J. Geophys. Res., 71, 155, 1966. 


Fairfield, D.H., Polar magnetic disturbances and the interplanetary 
magnetic field, Space Research, 8, edited by A.P. Mitra, 
L.G. Jacchia, and W.S. Newman, pp. 107-119, North Holland 
Publishing Co., Amsterdam, 1967. 


Fairfield, D.H., and N.F. Ness, Magnetic field measurements with the 
IMP 2 satellite, J. Geophys. Res., 72, 2379, 1967. 


Fairfield, D.H., and N.F. Ness, Configuration of the Geomagnetic tail 
during substorms, J. Geophys. Res., 75, 7032, 1970. 


Freeman, J.W., The morphology of the electron distribution in the outer 
radiation zone and near the magnetospheric boundary as observed by 
Explorer. 12, J. Geophys. Res. , 69, 1691,, 1964. 


Heppner, J.P., N.F. Ness, C.S. Scearce, and T.L. Skillman, Explorer 10 
magnetic field measurements, J. Geophys. Res., 68, 1, 1963. 


Heppner, J.P., M. Sugiura, T.L. Skillman, B.G. Ledley, and M. Campbell, 
OGO-A magnetic field observations, J. Geophys. Res., 72, 5417, 
1967. 


Hill, T.W., and A.J. Dessler, Plasma sheet structure and the onset of 
magnetospheric substorms, Planet. Space Set., 19, 1275, 1971. 


Hones, E.W., Jr., J.R. Asbridge, S.J. Bame, and I.B. Strong, Outward 
flow of plasma in the magnetotail following geomagnetic bays, 
J. Geophys. Res., 72, 5879, 1967. 


Hones, E.W., Jr., Substorm behaviour of plasma sheet particles, in 
Earth's Magnetospheric Processes, edited by B.H. McCormac, 
D. Reidel, Dordrecht, Netherlands, 1972. 


VW 

























6862 Vrsiensiqredat et3 bas solttetber gel oat 


emote >lasagRm. to y1osds wor A ,OvS Tes ey 
fer ~y aA «+9 7 7 ; 


+087 seyuiqosd . . fret skisrgeotenysm 949 Te degged, 
Joytitosd Js thet oktsdqeojengem sig ot eae 


<eenos Isyotus act bas bist? saat! ad onsdique tn. 


bre bist? otsongam antgst solttensrt -,liidso ae a 
,O0OL ,eci th ..88 .svladad 6%  coonadarsahh 


wistesnbiqreint ods bos esonsdyosvatb. otdas 
~B121M .T.A vd besths (8 hemaset 
briniicH dixo% .€1(-JOL .qaq ,asmwell .es ae . 
V8@L perro £6oe 


ort idtw einemetuesso bfeti stisageM (289 3M Be 
veer OTE ASX ¢ Bar .Byfiosd aw, af 


{is+ otisngeieso add jo soltsetugtiaod .aasli ay vs % ‘bas 
OVeL .S€0F .aS . .egk  sigigosd bY eat otedu 


_Yeaduo sdi al noitudkigath sortostie sna to ygo Lark ‘on 
vd bevisedo es vishnvod sirsdqeotsagem sid weSsH bas sn 
. pa? { «Leal 2a . sa s mh AOS ae 


Or acct pmlitye .J.T bie .sotsesd a, 5 Pre 
COOL .L 989 . «Boh ,wyErgosy, .% ethometues 


-liedqus) .M base .ysibet .0.4 ,ramifble .1.T patie 
eV ide 85, .898 ,outigesd | bier; niet 


to 7 vein oP hae tsora et a oe px? 


pa; ; (eos suf 


ins! f 
a -.. a 
. Pie © : 


ai 





78. 


Johnson, F.S., The gross character of the geomagnetic field in the 
solar wind, J. Geophys. Res., 65, 3049, 1960. 


Kellogg,P.J., Flow of plasma around the earth, J. Geophys. Res., 67, 
3805, 1962. 


Kisabeth, J.L., and G. Rostoker, Development of the polar electrojet 
during polar magnetic substorms, ¢d. Geophys. Res., 76, 6815, 
Ji? ly Mees 


Laird, M.J., Structure of the neutral sheet in the geomagnetic tail, 
J. Geophys. Res., 74, 133, 1969. 


Lazarus, A.J., G.L. Siscoe, and N.F. Ness, Plasma and magnetic field 
observations during the magnetosphere passage of Pioneer 7, 
Pe GCOPNYS. HeS.y—70, 2399, 1968. 


McPherron, R.L., Growth phase of magnetospheric substorms, J. Geophys. 
inde Gh, SPEAR OAS 


Meng, C.-I., S.-I. Akasofu, E.W. Hones, Jr., and K. Kawasaki, Magneto- 
spheric substorms in the distant magnetotail observed by IMP 3, 
J. Geophys. Res., 76, 7584, 1971. 


Mihalov, J.D.,.D.S. Colburn, .R.G. Currie, and C.P. Sonnet, Configur- 
ation and reconnection of the geomagnetic tail, J. Geophys. fes., 
Cie AES UNM 


Murayama, T., Spatial distribution of energetic electrons in the 
geomagnetic tail, J. Geophys. Res., 71, 5547, 1966. 


Ness, N.F., C.S. Scearce, and J.B. Seek, Initial results of the IMP lL 
magnetic field experiment, J. Geophys. Res., 69, 3531, 1964. 


Ness, N.F., The Earth's magnetic tail, J. Geophys. Res., 70, 2989, 
1965 e 


Ness, N.F., The geomagnetic tail, Rev. Geophys. and Space Phys., 7, 
O75, L909. 


O'Brien, B.J., High latitude geophysical studies, Jd. Geophys. Res. , 
Coy ss (L904. 


Parker, E.N., Interaction of the solar wind with the geomagnetic field, 
Phys. Fiutds, 1, 1/2, 1958. 


Petscheck, H.E., Magnetic field annihilation, in Proceedings of AAS- 
NASA Symposium on the Physics of Solar Flares, NASA SP-50, 
edited by W.N. Hess, p. 425, 1964. 



















odd nt bieti oe oH) to = rosters BE 
Rade -38 es oA. NES 


eve * -agi -S\iigosd rat see silt ee f, 


Jsforssuls wae Sit jo he Sy ae <tasozeot . 26 S ‘ J. 
*CIB0 ,3S ,.88 .Sphqosd | 2 ia itong aot i . 


~Lie1 objsagsoosg ofa ni taste [sttuen eda to 
-Ca8l fer os \ 














bist] obsengem boas smesll ,aest .4.4 bas pcan a 
«\ teggort to sgseesq o1sigeoismgam fit grt 
-8a0L eP8ES SN : 


-oyiiqos) .b ,emroiadve sixysdqaotengam io a, B 


aw J 
~osengs" ,Disesweyt .2 bos ..1l ,asno iW a 


et ad vd bevrsado Iistojsngsm Jnssjekb-oft ar 
-iV@Lr . det 28 


~augttnod .tenno2 .7.9 bao .starwd .O.f eiudien 8 a Sota : 


,s89R .ByAdgos) .> , lisa oissngemosy six to mot 
$3 mi enorsosls. styegxen5 to nottudts3e th aitaqe . 
OORT ~Nace TS , .8sh .sungosy aPeee <4. OT: | 


I WE sis 20 esfuect Insiel ieee -4.1 bas ,Sompaee 8 
POUL .IEcE .83 ..80n -ahaosd Py ae ae +255 
Sse comet bea, laytased .GkK Uiees in | 


e988 smgigosd 1 cestbuse a ae 


ears ; gs 





19, 


Piddington, J.H., Geomagnetic storm theory, J. Geophys. Res., 60, 
93, 1960. 


Piddington, J.H., A hydromagnetic theory of geomagnetic storms and 
auroras, Planet. Space Nee CIA RIE MTs 


Rostoker, G., and C.-G. Falthammer, Relationship between changes in 
the interplanetary magnetic field and variation in the magnetic 
field at the Earth's surface, J. Geophys. Res., 72g 58535 cL 01. 


Rostoker, G., Macrostructure of geomagnetic bays, J. Geophys. fes., 
Fetal] 4 1908; 


Rostoker, G., and F.P. Camidge, The localized character of magnetotail 
magnetic fluctuations during polar magnetic substorms, J. Geophys. 
Res., 76, 6944, 1971. 


Russell, C.T., and K.I. Brody, Some remarks on the position and shape 
of the neutral sheet, J. Geophys. Res., 72, 6104, 1967. 


Russell, C.T., RL. McPherron, and P.J. Coleman, Jr., Magnetic field 
variations in the near geomagnetic tail associated with weak 
substorm activity, J. Geophys. fes., LO mELOZ Ose Olle 


Sonnet, C.P., D.L. Judge, A.R. Sims, and J.M. Kelso, A radial rocket 
survey of the distant geomagnetic field, J. Geophys. fes., 66, 
55.6 L900. 


Sprieter, J.R., and B.P. Briggs, Theoretical determination of the form 
of the boundary of the solar corpuscular stream produced by inter— 
action with the magnetic dipole field of the Earth, J. Geophys. 
Rese 746574) 1902. 


Sweet, P.A., The production of high energy particles in solar flares, 
Nuovo Cimento, Suppl., 8, Ser. TkO), 4 ahakels SEVER 


Unti, T., and G. Atkinson, Two-dimensional Chapman-Ferraro problem 
with neutral sheet, J. Geophys. Res., 75013195 01000. 


Yeh, T., and W.I. Axford, On the reconnection of magnetic field lines 
in conducting fluids, J. Plasma Phys., 4, 207, 1970. 


















— 


7 


130, 88H Leitqned a 


bné emroye slsengemueg to Ytoond ott. rrgamort 
-SOVL , THe .@ , 582 San 


“ie 


ni soygrsis nsswssd gidenottalsa”A .+ ae 
ationgen sit at notisiisy bus bist? +645 ¢7524 ¢ 
“NOEL -E@B2 SS . . 80 a .\ .ssediue e'dsaed, sf 


+ BOR eusiqes) .. eyed ottengamosg %0- hha an 


ILe3639ngen to tedesredo bestigool sit sabia) . 4.7. 2. é 
-BYidosD .L (emrotedue aissngem taloq gatos anoljauz 


-ITOE ,dpea R, 89% 


sqeie bas mottiacg sit oo a emo® ,ybow® .1.0 bas + TD. 
‘(OOL ,AOLO .SS ,.a6 .ewigosd | gasde levidan 


bist? ottengsM «Tl ,MsmsfiodD .1.9 bas eNottStiot . Ao 
deow dtiw betetooses fins OLIStasmose 1B9n sq3_ 


EVOL .ES6L .8S ..a8h veuiqasd .b Viividon 















JeAsor fetier A ,calsd .M.L bas  »emke ALA <sghul 4d. 
(59, 897 .aylgosd .. ,bIsti stysagemoss snszath hala 


mito st io woljenimrersh InolterooenT .egatse . 1.8 has 
“teInt Yd beovborg mssiie relusésuqros tef0e 443 to Wisbaved 
-eyiqos) .& .daeet sd¥ io Bishi slogtb ae, sii 


e@9%612 asice at esloizieg Yaiens gid to sors box 
828T -88L .OF .208 .8 . Seemre 


asidoxg ors TI9l-nangeri.) ispalenaath-ow? , 
-B9@r ,OYET LES . eek fe ae cma 


ot, 




















